Probiotic formulations are widely available and have a variety of proposed beneficial effects, including promotion of gut health. The mechanisms of action of probiotic bacteria in the intestine are still unclear but are generally attributed to an antiinflammatory effect. Here, we demonstrate that the multiple probiotic formulation VSL#3 prevents the onset of intestinal inflammation by local stimulation of epithelial innate immune responses (i.e., increased production of epithelial-derived TNF-α and restoration of epithelial barrier function in vivo). We also demonstrate that probiotic bacteria stimulate epithelial production of TNF-α and activate NF-κB in vitro. Our results support the hypothesis that probiotics promote gut health through stimulation, rather than suppression, of the innate immune system. Furthermore, our findings provide the perspective that defects in innate immunity may play a critical role in the pathogenesis and progression of intestinal disorders, such as inflammatory bowel disease.
Crohn's disease | cytokines C rohn's disease (CD) is a chronic inflammatory bowel disease (IBD) of unknown etiology (1) . The current hypothesis for CD pathogenesis suggests that it develops in response to an overly aggressive adaptive immune response to the commensal flora (2). However, it has been recently suggested that CD may result from deficits in innate immunity (3) (4) (5) . In this context, the intestinal epithelium seems to play a major role, allowing sensing of the luminal environment and differential regulation of the gut immune system (6) . Although previous studies have investigated the effects of probiotics on intestinal cell lines in vitro, little is known regarding their actions on the intestinal epithelium in vivo.
Probiotics are live microorganisms that seem to promote gut health and regulate intestinal homeostasis (7) . Different possible mechanisms of probiotic action have been proposed, including both suppression and stimulation of host immune responses. VSL#3 is a probiotic mixture of eight different bacterial strains that has demonstrated beneficial effects in several intestinal conditions. Controlled studies have shown VSL#3 to be efficacious for patients with ulcerative colitis (UC) and pouchitis (8, 9) , as well as in animal models of colitis (10, 11) . However, the precise mechanisms of action are not fully understood.
In this study, we tested the hypothesis that administration of VSL#3 to SAMP1/YitFc (SAMP) mice with chronic CD-like ileitis can prevent the onset of gut inflammation through stimulation of innate immunity in the gut. The SAMP mouse model has been extensively characterized by our group and others and has unique characteristics closely resembling CD (12) (13) (14) . Our results show that pretreatment of SAMP mice with VSL#3 for 6 weeks before the onset of ileitis prevents the occurrence of intestinal inflammation through a mechanism involving stimulation of TNF-α in the intestinal epithelium and restitution of normal barrier function. Therefore, we propose the concept that probiotic bacteria promote gut health and prevent chronic intestinal inflammation through stimulation of epithelial innate immunity.
Results
High-Dose VSL#3 Prevents Ileitis in SAMP Mice but Does Not Affect Established Disease. We first investigated the effects of low-dose VSL#3 in preventing the onset of SAMP ileitis (prevention protocol). Although some amelioration of villous distortion and thickening of the muscularis mucosa was observed, a severe inflammatory infiltrate in the lamina propria was still present, with no significant differences compared with controls ( Fig. 1 Bi and Bii). By comparison, SAMP mice pretreated with high-dose VSL#3 showed a marked decrease in the severity of ileitis compared with age-matched, untreated controls (total score: 3.2 ± 3.1 vs. 11.6 ± 6.1, P < 0.005); the three histologic components of the total inflammatory score (i.e., villous distortion, active inflammation, and chronic inflammation) were all significantly decreased (Fig. 1A) . Interestingly, ileitis was completely prevented in 5 of 11 mice (45%; total score: 0-1), whereas no evidence of chronic infiltration (chronic score: 0) was observed in 10 of 11 of these mice (91%). Histologically, mice administered high-dose VSL#3 showed almost complete protection of mucosal integrity and virtually no inflammatory cell infiltrates in the lamina propria (Fig. 1Biii) .
The efficacy of high-dose VSL#3 was then evaluated in 30-week-old SAMP mice with established ileitis (treatment protocol). No beneficial effects were observed between high-dose VSL#3 treated and untreated mice (Fig. S1 ).
VSL#3 Administration Changes the Composition of Probiotic DNA
Found in Fecal Material and the Terminal Ileum. We next performed RT-PCR on total fecal DNA with primers specific for three of the probiotic bacteria contained in VSL#3 (Streptococcus thermophilus, Bifidobacterium infantis, and Lactobacillus acidophilus). We found that administration of high-dose VSL#3 markedly increased the concentration of each of these bacteria, starting from the first week after probiotic administration. The amount of bacterial DNA for the three strains was elevated throughout the 6 weeks of treatment ( Fig. 2 A-C) . As expected, S. thermophilus, which is present at the highest concentration in VSL#3, had the highest relative increase.
We next compared the bacterial composition in the feces and terminal ileum of mice treated with low-and high-dose VSL#3 after 6 weeks of treatment. In SAMP mice treated with low-dose VSL#3, only S. thermophilus was detected in the stool, whereas all
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Freely available online through the PNAS open access option. three strains were significantly elevated in the high-dose treatment group (Fig. 2 D-F) . In the ileum, increased trends were found for B. infantis and S. thermophilus in mice administered low-dose VSL#3 (3.7-fold for B. infantis, 10.8-fold for S. thermophilus) compared with untreated control mice. Conversely, mice administered high-dose VSL#3 showed a consistent and abundant increase for the two bacteria (265-fold for B. infantis; 639-fold for S. thermophilus) compared with untreated mice (P = 0.005 for both; Fig. 3 A-C) . No detectable levels of L. acidophilus DNA were found in the ileum of untreated or VSL#3-treated mice. To test the hypothesis that the intestinal epithelium is the primary site of action of VSL#3, we studied the effects of highdose VSL#3 (prevention protocol) on intestinal permeability and production of epithelial-derived cytokines compared with control mice. After 6 weeks, VSL#3-treated mice showed a marked decrease in small intestinal permeability compared with untreated controls (0.35 ± 0.03 vs. 0.45 ± 0.03, P < 0.01; Fig. 4 ) to a level similar to that measured in healthy mice (15) .
We next studied the expression of TNF-α in freshly isolated epithelial cells from different experimental groups. Administration of high-dose VSL#3 significantly increased TNF-α mRNA levels in isolated epithelial cells compared with untreated control mice (5-fold increase, P < 0.05; Fig. 5A ). In addition, mRNA levels of the NF-κB inhibitory subunit IκBα were significantly increased in VSL#3-treated mice compared with untreated controls (2-fold, P < 0.05; Fig. 5B ), suggesting activation of the NF-κB pathway. To confirm that TNF-α production was also increased at the protein level, immunohistochemical analysis was performed. A consistent and marked increase in TNF-α, immunolocalized to the epithelium, was observed in mice administered high-dose VSL#3 compared with low-dose and untreated control mice ( Fig. 5 A-C).
VSL#3 Conditioned Media Exerts Specific Stimulatory Effects on
Epithelial Cells In Vitro. To further explore the hypothesis that probiotics enhance the innate immune defense of the intestinal epithelium, we investigated the effects of VSL#3 conditioned media (CM) on epithelial cells in vitro. Terminal ileum organ cultures were incubated for 24 h in the presence of CM alone or RT-PCR with primers specific for VSL#3 probiotic bacteria was performed weekly on fecal extracts to assess the extent of bacterial colonization. Mice administered high-dose VSL#3 (n = 6) showed a relative increase in probiotic DNA for all three strains at each posttreatment time point compared with baseline (A-C). At week 6, mice given high-dose VSL#3 had significantly increased relative increases in probiotic DNA for each of the three strains, compared with mice given low-dose VSL#3 (E-G). Data are expressed as mean ± SEM. *P < 0.01 vs. low-dose VSL#3.
concomitantly with fecal extract (FE) from SAMP mice. A significant increase was measured in TNF-α secretion for CM and CM+FE organ cultures compared with media and FE alone (2.9-and 2.5-fold, respectively, P < 0.001 for both; Fig. 6A ). Finally, to test whether VSL#3 CM directly activates NF-κB, the NF-κB subunit p65 (RelA) and the inhibitory subunit IκBα were measured in nuclear and cytoplasm extracts, respectively, isolated from SAMP terminal ileum organ cultures stimulated with VSL#3 CM alone or in combination with FE. The levels of p65 were increased in nuclear extracts and IκBα levels reduced in cytoplasmic extracts from epithelial cells isolated from SAMP terminal ileum organ cultures stimulated with VSL#3 CM alone and CM+FE, indicating activation of the NF-κB pathway (Fig.  6B) . These data confirm a stimulatory effect of VSL#3 probiotics on the intestinal epithelium, as demonstrated by the increased production of TNF-α and activation of the NF-κB pathway.
Anti-TNF-α Treatment Abrogates the Beneficial Effects of VSL#3 in SAMP Ileitis. To further assess that the preventative effects of VSL#3 in SAMP ileitis are mediated by TNF-α, we studied the effects of TNF-α blockade administered together with VSL#3 in 3-week-old SAMP mice using the prevention protocol. SAMP mice treated with high-dose VSL#3 concomitant with anti-TNF-α monoclonal antibody administration did not show significant improvement in the severity of ileitis compared with untreated control mice (total score: 9.0 ± 1.9 vs. 9.5 ± 1.0, not significant; Fig. S2 ). Interestingly, 3-week old SAMP mice treated with anti-TNF-α monoclonal antibody alone also did not show any significant improvements in ileitis severity compared with untreated mice (total score: 7.9 ± 1.7 vs. 9.5 ± 1.0, not significant; Fig. S2) . These data further demonstrate that the preventative effects of VSL#3 are mediated by stimulation of TNF-α.
Discussion
Although the defensive response of the intestinal epithelium against pathogenic bacteria has been extensively explored, less information is available regarding interactions with the commensal bacteria. A commonly held belief is that nonpathogenic and probiotic bacteria exert opposing effects to those induced by pathogenic bacteria, including suppression rather than stimulation of proinflammatory cytokines in epithelial cells and macrophages (16) . However, several studies underscore the importance of "physiologic inflammation" induced by the commensal flora, both for the development of the immune system and for the response to pathogenic bacteria in the gut. Accordingly, the possibility that probiotic bacteria elicit the same kind of proinflammatory response is currently being explored.
In this study we report that the probiotic mixture VSL#3 completely prevents the onset of intestinal inflammation in the SAMP mouse model of CD-ileitis. These effects were associated with a local effect on the intestinal epithelium (i.e., stimulation of TNF-α production and NF-κB activation in epithelial cells, coupled with restitution of normal intestinal epithelial barrier function). In addition, blockade of TNF-α by monoclonal antibody treatment given concomitantly with VSL#3 administration completely abrogated the beneficial effects of VSL#3 in this model. Analysis of bacterial DNA in the stool and ileal mucosa of treated mice demonstrated a significant increase of probiotic strains, suggesting that effective bacterial colonization is required for the beneficial effects of probiotic treatment. Taken together, our study supports the hypothesis that probiotics promote gut health through a mechanism involving stimulation of epithelial innate responses (i.e., stimulation of TNF-α expression), rather than suppression of inflammation. In addition, our results provide important insights into the pathogenesis of IBD by supporting the concept that CD may be caused by a deficit in innate immunity.
Several studies support the concept that probiotics exert stimulatory rather than suppressive effects on the innate immune system. For example, DNA from the bacteria found in VSL#3 exerts immunostimulatory effects on macrophages, as indicated by TLR9-mediated activation of NF-κB and JNK. Despite the ameliorative effects of VSL#3 administration observed in two animal models of colitis, bone marrow-derived macrophages isolated from BALB/c mice produce the proinflammatory cytokines IL-6 and IL-12 when cultured with DNA from VSL#3 bacteria (11). In addition, several studies showed that activation of Week of Treatment   Fig. 4 . VSL#3 pretreatment restores small intestinal epithelial barrier function in SAMP mice. In vivo paracellullar permeability was determined by measuring the fractional urinary excretion of orally administered, regionspecific (small intestinal) sugar probes (lactulose/mannitol ratio). Three-weekold SAMP mice were treated with VSL#3 for 2 weeks (n = 4) or 6 weeks (n = 6) and then compared with age-matched SAMP mice fed a normal diet. VSL#3 administration significantly decreased small intestinal epithelial permeability by the end of the treatment period. Data are expressed as mean ± SEM. *P < 0.05 vs. control.
NF-κB plays a beneficial role in epithelial cells. In fact, when mice that lack epithelial expression of the NF-κB activating enzyme IκB kinase β (villin-Cre/Ikkβ F/Δ mice) were administered dextran sodium sulfate (DSS), inflammation was of equal or greater severity as that observed in control mice (17) . Activation of NF-κB is similarly protective for the development of systemic inflammation, but not for the prevention of local injury to the mucosa in an animal model of intestinal ischemia-reperfusion (18) . Finally, the observations that TNF-α-deficient mice or mice deficient in TNFRI signaling in the intestinal epithelium are more susceptible to DSS acute colitis strongly support the concept that TNF-α may exert protective functions in normal gut homeostasis and intestinal epithelial integrity (19, 20) . Altogether, these observations suggest that the beneficial effects of probiotics are associated with immunostimulatory effects rather than immunosuppression. Our results provide direct evidence that probiotics prevent the onset of experimental ileitis by mechanisms involving stimulation of TNF-α and activation of NF-κB in the intestinal epithelium. However, stimulation of other innate immunity pathways, including the intestinal production of IL-10 and TGF-β, may also be involved.
TNF-α is a proinflammatory cytokine that plays an important role in CD pathogenesis, as evidenced by the therapeutic benefits that are observed after administration of anti-TNF-α antibodies (e.g., infliximab) (21) . During the inflammatory process, TNF-α exerts its function at the apex of the inflammatory cascade. It is responsible for the recruitment and activation of lymphocytes and granulocytes, the local expression of adhesion molecules on endothelial cells at the site of inflammation, the secretion of proinflammatory mediators (IFN-γ and IL-6) and radical oxygen species, and the formation of edema and granulomata (22) . Notwithstanding, TNF-α is protective for various cell types (23) , in particular for the intestinal epithelium (24) . Our results support the importance of TNF-α production by epithelial cells in the prevention of disease, although no beneficial effect of probiotic administration was found in established disease.
Our findings support the emerging concept that CD occurs as a progression through distinct phases (disease initiation, establishment, and maintenance), each one characterized by specific immunologic features and unique molecular mediators. This leads to a model whereby a single mediator, such as TNF-α, is fundamental in establishing the inflammatory disease yet can have an opposing, protective effect during disease initiation. Because epithelial TNF-α is an integral part of the innate immune system, one hypothesis is that TNF-α production is partly directed against luminal antigens that would otherwise threaten mucosal integrity. In this scenario, aberrant penetration of luminal molecules (i.e., bacterial or food antigens) into the lamina propria compartment could initiate a persistent inflammatory process. In a predisposed organism, this could self-amplify exponentially and lead to the chronic inflammatory state characteristic of CD. More support for a unique role of TNF-α in maintaining the integrity of the intestinal epithelium in the early phase of disease development comes from our demonstration that there was reduced small-intestinal permeability in mice treated with probiotics. Mice treated with VSL#3 in the prevention protocol demonstrated a complete restitution of intestinal barrier function to a level comparable to that of healthy mice. Several studies have outlined the important role played by impaired epithelial barrier function in CD and demonstrated that increased permeability is an early, and perhaps initiating, feature of IBD (15, 25) . Our results were unexpected given that several studies have described a direct effect of TNF-α in producing leakage of the intestinal epithelium (26) . We observed an increase in TNF-α production that corresponded to decreased epithelial permeability in the VSL#3-treated group. Because decreased intestinal permeability by probiotic bacteria has previously been described (10) , it is likely that the improvement we observed is directly caused by the probiotic bacteria, although an indirect effect of reduced mucosal inflammation in the VSL#3-treated group should not be completely excluded.
Interestingly, in the present study we found that chronic ileitis was effectively prevented by innate immune stimulation in the early phase of the disease. This supports the emerging theory that attributes CD susceptibility to an initial defect of innate immunity (3) (4) (5) . This may, in turn, cause recruitment and dysregulated activation of the acquired immune system, leading to the establishment of the typical inflammatory features characteristic of CD. Our findings raise the attractive hypothesis that probiotic bacteria can restore the breach of the innate immunity system and thereby prevent the onset of the inflammatory disease.
One of the open issues regarding probiotics is whether the bacteria exert their effects through modification of the resident flora or whether they act as antiinflammatory agents. Our findings indicate that probiotic bacteria do indeed exert a pharmacologic effect upon epithelial cells, albeit stimulatory rather than suppressive, that requires the presence of temporary probiotic colonization of the intestinal lumen. Indeed, mice administered low-dose VSL#3 did not show significant increases in bacterial concentration in the feces or ileum, and disease was not prevented or attenuated in these mice despite the fact that this dose was comparable to that previously used to treat experimental colitis. The dose used for the prevention of ileitis is therefore an important consideration.
To assess the efficacy of bacterial colonization, we developed a culture-independent technique that used specific primers for three representative bacterial strains (L. infantis, L. acidophilus, and S. thermophilus) in the VSL#3 preparation. It is worth noting that, even though the different species displayed a similar time-course pattern for colonization, the fecal and/or ileal probiotic DNA content differed for each species, as well as with respect to the dose of VSL#3 administered. Detection of only S. thermophilus in the feces and intestinal mucosa of SAMP mice treated with low-dose VSL#3 likely reflects insufficient colonization of the other bacterial species. It would be interesting to evaluate the beneficial contribution of each separate VSL#3 bacterial species and how this relates to the concentration of DNA in the fecal matter and the ileum.
In conclusion, we have demonstrated that administration of high-dose VSL#3 effectively prevents the development of CD-like ileitis in SAMP mice. This preventive effect was mediated by increased epithelial innate immunity. As a result, cells of the acquired immune system are not recruited, and the onset of the inflammatory cascade is prevented. Our results support the hypothesis that probiotics promote gut health through a mechanism involving stimulation rather than suppression of the epithelial innate immune system.
Experimental Procedures
VSL#3 Administration Protocols. Mice were maintained in an institutional animal facility under specific pathogen-free conditions. All protocols were approved by the UVA Institutional Animal Care and Use Committee. VSL#3 administration was initiated in either 3-week-old SAMP mice before the onset of ileitis for the prevention protocol, or in 30-week-old mice for the treatment protocol. For the former, mice were administered either low-dose VSL#3 (17 × 10 8 cfu/day) by gavage (10, 11) , or high-dose VSL#3 (50 × 10 9 cfu/day) mixed in their food. Age-matched control mice were fed unsupplemented chow. For the treatment protocol, 30-week-old mice were fed high-dose VSL#3 daily in their food. For both protocols, VSL#3 was administered for 6 weeks, after which mice were killed and ilea and MLNs collected for further analysis. In some prevention protocol experiments, SAMP mice were administered a monoclonal antibody against murine TNF-α (0.5 mg weekly) together with high-dose VSL#3 (27) . Control mice were either administered anti-TNF-α monoclonal antibody alone or vehicle.
Histologic Assessment. Histologic evaluation was performed on H&E-stained ileal sections by a single blinded pathologist using a validated scoring system (28) . Briefly, inflammation was measured using a total inflammatory index composed of three components: active and chronic inflammation, as well as villous distortion.
Isolation of Fecal Extract and Intestinal Epithelial Cells. Fecal extract was prepared using a method previously described (29) , and total protein concentration was evaluated by the Bradford assay. Samples were stored at −80°C until further analysis. In the organ culture stimulation assay, fecal extracts were diluted to 400 μL/mL, of which 14 μg/mL per reaction well were used.
Freshly isolated epithelial cells were harvested from ileal segments of experimental mice as previously described (23) and processed for real-time RT-PCR as described below.
DNA Isolation and RT-PCR. Total DNA was isolated and purified from feces and terminal ileum specimens using the QIAamp DNA Stool Mini Kit and QIAamp DNA Mini Kit (Qiagen). Fresh feces were collected weekly and stored at −80°C until processed. Terminal ilea were washed in PBS containing 1% penicillin/ streptomycin, and specimens were stored at −20°C until assay. Samples were diluted to a concentration of 20 pg/μL (feces) or 60 pg/μL (ileal tissue) and amplified using SYBR Green PCR master mix (Applied Biosystems) with primers specific for VSL#3 probiotic bacteria (B. infantis, L. acidophilus, and S. thermophilus) to determine levels of probiotic bacterial DNA (30, 31) . To measure expression of epithelial-derived mRNAs, RNA was extracted from epithelial cells using the RNAeasy Miniprep Kit (Qiagen). Reverse transcription was performed using the GeneAmp RNA PCR kit (Applied Biosystems). IκBα (forward: 5′-AGACTCGTTCCTGCACTTG-3′; reverse: 5′-CCTGGCTGGTTGGTGATC-3′) and TNF-α (forward: 5′-GCGGTGCCTATGTCT-CAG-3′; reverse: 5′-GCCATTTGGGAACTTCTCATC-3′) were designed using Beacon Designer 2 software (Premier Biosoft International).
PCR reactions were performed in a total volume of 20 μL (16 μL of SYBR Green PCR master mix and 4 μL of DNA) in an iCycler iQ detection system (Bio-Rad Laboratories). Reactions were run under the following conditions: 2 min at 95°C, followed by 40 cycles of 15 s at 95°C, 15 s at 60°C, and 15 s at 72°C. Samples were then run on a 2% agarose gel with ethidium bromide for visualization. Target mRNA was normalized to β-actin for each sample, and all samples were run in duplicate. Results were expressed as a ratio relative to the lowest control sample.
Measurement of Intestinal Permeability. In vivo epithelial paracellular permeability was measured as previously described (15), before and after VSL#3 therapy. Permeability was evaluated after administration of high-dose VSL#3 for 2 (n = 4) and 6 weeks (n = 6) in comparison with age-matched, untreated mice (n = 4). Mice were fasted for 2 h then fed a sugar-probe mixture (60 mg/mL lactulose, 40 mg/mL mannitol, and 30 mg/mL sucralose) via orogastric gavage, and urine collected after 22 h. Urine volume was measured, and the concentration of each of the sugar probes was determined by HPLC. Fractional excretion of each probe was determined as a ratio of the amount of probe in the urine to the amount administered.
Immunohistochemical Analysis. Tissue samples were prepared in Bouin's fixative (LabChem), processed as previously described (15) , cut into 3-μm-thick sections, and mounted on superfrost/PLUS glass slides (Fisher Scientific). Sections were deparaffinized in xylene (twice for 10 min) and dehydrated in 100% ethanol (twice for 5 min) and 95% ethanol (twice for 5 min). Sections were then blocked for endogenous peroxidase activity using 1% hydrogen peroxide in methanol for 30 min, washed twice with PBS, then blocked with 3% BSA/PBS (Sigma Chemical) for 20 min. Tissue sections were incubated overnight at 4°C with mouse anti-TNF (R&D Systems) primary antibody, followed by a biotinylated horse anti-goat antibody, and then incubated with an avidin/biotin complex (Vectastain Elite ABC Kit; Vector Laboratories) for 30 min. Immunoreactive cells were visualized by addition of diaminobenzidine substrate and counterstained with hematoxylin. All incubations were conducted at room temperature unless otherwise noted. Negative controls were prepared using the same conditions as described above, but replacing the primary antibody with an equivalent volume of PBS.
Organ Culture Stimulation Assay. VSL#3 CM was prepared as previously described (32) , and the CM diluted 1:10 in unconditioned media for organ culture stimulation assays. The production of cytokines from epithelial cells was measured in an in vitro assay as described by Rakoff-Nahoum et al. (24) , and the concentration of TNF-α was evaluated by ELISA. TNF-α levels were corrected for total protein concentration measured by the Bradford assay.
Western Blot. Nuclear and cytoplasmic extracts were prepared using the NE-PER kit and protein concentrations measured using BCA protein assay reagent (Pierce). Equal amounts of proteins were electrophoresed using precast NuPAGE Triacetate gels and separated proteins transferred using 0.2-μm PVDF membrane (Invitrogen). Proteins were then probed with primary antibody, followed by incubation with HRP-conjugated secondary antibody (Santa Cruz Biotechnology). Proteins were visualized using the ECL detection system (Amersham Pharmacia). Densitometry was performed using Imagequant software, and band intensity ratios were measured.
Statistical Analysis. Statistical analysis was performed using a Mann-Whitney U test. Data were expressed as mean ± SEM. An α level of 0.05 was considered significant (P < 0.05).
